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Abstract
We show that the previously reported orientation deficit in amblyopia (Skottun, B. C., Bradley, A., & Freeman, R. D. (1986).
Orientation discrimination in amblyopia. In6estigati6e Ophthalmology and Visual Science, 30, 532–537) also occurs for arrays of
randomly positioned Gabor micropatterns for which explanations based on either neural disarray or local neural interactions
would not hold. Furthermore, when using Gabors, we show that the deficit varies with the spatial frequency and orientational
bandwidth of the stimuli used to measure it. We discuss two competing explanations for this, one based on a broader underlying
detector bandwidth in amblyopia (both orientation and spatial frequency) and the other based on a selective deficit of first-order,
as opposed to second-order orientation processing in strabismic amblyopia. Our results favour the latter interpretation. © 1999
Elsevier Science Ltd. All rights reserved.
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1. Introduction
The initial studies into the nature of the neural deficit
in strabismic amblyopia concentrated on the threshold
detection deficit (Gstalder & Green, 1971; Hess & How-
ell, 1977; Levi & Harwerth, 1977) which was shown to
increase at higher spatial frequencies. It was subse-
quently shown that although threshold contrast sensi-
tivity was reduced in amblyopia, once stimuli were
above threshold their contrast was seen veridically
(Hess & Bradley, 1980; Loshin & Levi, 1983). This
highlighted the importance of assessing suprathreshold
discrimination functions in amblyopia in order to better
understand the nature of the deficit.
Both spatial frequency and orientation discrimina-
tion have been studied in amblyopia. Spatial frequency
discrimination was shown to be abnormal (Hess, Burr
& Campbell, 1980) in the high spatial frequency range
but the bandwidth of individual detectors was found to
be normal (Hess, 1980). This suggested an abnormality
in either the number or co-operative activity of detec-
tors. Orientation discrimination is almost independent
of spatial frequency for normal observers (Caelli,
Brettel, Rentschler & Hilz, 1983; Bradley & Skottun,
1984), with a plateau in performance occurring after
0.2cpd (Burr & Wijesundra, 1991). However, it was
shown by Skottun, Bradley and Freeman (1986) to be
abnormal in strabismic amblyopia. Using a narrow-
band stimulus, they found a contrast independent ori-
entation discrimination deficit at high spatial
frequencies. Rentschler and Hilz (1979) also described
abnormal orientation selectivity in two of five strabis-
mic amblyopic eyes. Vandenbussche, Vogels and Orban
(1986) determined that the deficit in orientation dis-
crimination of a single line by strabismic amblyopes
was reduced as the line length was increased. This latter
finding underscores the difficulty in interpreting results
based on line stimuli, where the spatial properties of the
stimulus, i.e. spatial frequency and orientation content,
and thus what is underlying performance in the task
cannot be directly ascertained.
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An orientation discrimination deficit could be due to
one of a number of underlying anomalies. It could arise
as a consequence of: the cellular orientational selectivity
being broader in amblyopia (Rentschler & Hilz, 1979);
there being fewer cells, albeit with normal orientation
selectivity (Levi & Klein, 1986); a disarray of the spatial
map or abnormal neural interactions at the level of the
orientation detector (Hess, Campbell & Greenhalgh,
1978; Rentschler & Hilz, 1979); and a loss of efficiency
at a stage where the responses of a normal population
of oriented detectors are compared.
This study assesses whether psychophysically deter-
mined bandwidths themselves are broader in amblyopia
in the high spatial frequency range in which orientation
discrimination deficits have been reported (Skottun et
al., 1986). We do this by measuring orientation discrim-
ination as a function of stimulus orientation band-
width. The stimulus we use is a random array of
Gabors. This enables us to factor out any effects of
disarray:anomalous local lateral interactions at the level
of the orientation detectors themselves which may pro-
duce distortions (Hess et al., 1978) and therefore poorer
performance for the large field suprathreshold grating
used by Skottun et al. (1986). For example, if this
disarray is postsynaptic then it would amount to a
global spatial mapping disturbance within a population
of oriented detectors with normal local properties. Such
a disturbance could certainly underlie the spatial distor-
tions and the poorer orientation performance previ-
ously reported in amblyopia for large field gratings. In
order to measure the local properties of the cortical
detectors themselves without such a global deficit in-
truding, we used a stimulus, a random array of Gabors
micropatterns, in which the local not the global spatial
information was needed to solve the orientation dis-
crimination task.
For normal vision, there will be a predictable depen-
dence of orientation discrimination on stimulus band-
width (Heeley, Buchanan-Smith, Cromwell & Wright,
1997). When the stimulus bandwidth is much narrower
than that of the underlying visual detectors, discrimina-
tion performance will be constant. However when the
stimulus bandwidth exceeds that of the underlying de-
tectors’ bandwidth then performance should degrade in
proportion to stimulus bandwidth. Such a prediction is
shown schematically in Fig. 1A and B by the dashed
curve. The knee point is a measure of the underlying
detector bandwidth (Heeley, 1987; Pelli, 1990). Imagine
Fig. 1. Experimental set-up to determine if the orientation bandwidths of the amblyopic visual system is broader (A) or not (B), i.e. same as the
dominant eye. The arrows depict the estimate of the knee point of the psychometric function of orientation threshold as a function of stimulus
orientation bandwidths. This knee point reflects the underlying orientation bandwidth of the visual detectors.
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Table 1
Clinical details of the amblyopic subjects who participated in the studya
Fixation Ocular alignment HistorySubject Letter acuityEye Refraction
Amblyopia age 9, Rx age 9, no patch, no surgery10° LETCentredBC strab:aniso 6:6RE 2.00:2.25010
6:18 1° nasal:infLE Plano:1.25160
Rx age 12, no patching, surgery at age 128° LETCentredMA strab 6:4.5RE 5.75:0.75010
6:9 Centred 3° LHTLE 6.00:1.50170
Centred 5° RETMJS strab RE Plano 6:4.5 Surgery age 8
Centred6:18LE –1.00:0.25100
6:6 Centred 10° LET Amblyopia age 9, Rx age 9, no patching, noMS strab RE 0.75 DS
surgery
1° nasal:infLE 1.00 DS 6:18
Centred Microtropia diagnosed age 4, no treatment2° LETSB strab 6:6RE Plano
LE 0.50 DS 6:60 2° nasal
LXT diagnosed age 7, Rx since age 7, no patch-9° LXT at nearVE strab:aniso RE 0.75 DS 6:62 Centred
ing, no surgery
6° LXT at dis-CentredLE 4.00:0.50035 6:182
tance2.00 add
a Strab, strabismus; aniso, anisometropia; RE, right eye; LE, left eye; DS, dioptres sphere; ET, esotropia; XT, exotropia; Rx, refractive
correction.
now, that in amblyopia, the bandwidth of individual
detectors are broader. The bandwidth of the stimulus
required to affect performance will also have to be
larger and as a consequence the knee point will be
displaced to a broader stimulus bandwidth. However
once the stimulus bandwidth is much broader than that
of the underlying detectors performance will be solely
determined by the stimulus properties. As a conse-
quence performance for the dominant and amblyopic
eyes should come together. This prediction is depicted
in Fig. 1A by the solid curve. However, if the loss in
orientation discrimination in amblyopia has nothing to
do with the bandwidth of detectors (e.g. less orientation
selective detectors or inefficient comparison of their
outputs) then the initial deficit for stimuli of narrow
bandwidths will still be present for stimuli of broad
bandwidths. In other words, the amblyopic curve will
be displaced parallel to that of the dominant eye and
will have a common knee point location. This alternate
prediction is illustrated in Fig. 1B.
Our results show that orientation deficits remain even
when the stimuli are randomly positioned Gabors. In
only one of six strabismic observers does adding posi-
tional uncertainty to the oriented elements equate per-
formance in the two eyes. This suggests that the initial
report by Skottun et al. (1986) cannot be due to a
spatial disarray or to abnormal local neural interactions
at the level of the orientation detectors. Furthermore,
although the results suggest that there may be a broad-
ening in the orientation bandwidth of the amblyopic
detectors in four of six subjects, we also consider the
possibility that as stimulus bandwidth is broadened
visual processing of orientation may switch from first-
to second-order mechanisms, with only the former be-
ing abnormal in amblyopia.
2. Methods
2.1. Subjects
Six strabismic amblyopic subjects participated in this
study. Their clinical details are given in Table 1. All
refractive errors were fully corrected.
2.2. Stimuli
A spatial Gabor patch or a field of micropatterns was
generated, each of the following form:
G(x)M [1C(cos(2pfx) exp( (x2y2):(s2)))] (1)
where M is the background luminance, C is the con-
trast, f is the spatial frequency of the carrier and s is
the standard deviation of the Gaussian envelope defin-
ing the patch. In other words, each stimulus consists of
a sinewave grating windowed by a 2-D Gaussian, in
cosine phase, modulated about a background
luminance.
The stimuli were displayed on a 13 in. Macintosh
colour monitor, calibrated and linearised using an at-
tenuator and VideoToolBox software (Pelli & Zhang,
1991). The display screen was green (only the green gun
used), and contrast was linear from 0.4 to 38 dB
(95–1%). At the viewing distance used, 63 cm, each
pixel subtended 2 arc min of visual angle. The frame
rate of the monitor was 66.7 Hz and the display dura-
tion for each image was either 150 or 500 ms with an
inter-stimulus interval (ISI) of 150 ms. The display area
was masked to a circular aperture, with a diameter
subtending 16.5° of visual angle and had a uniform
background luminance of 21 cd:m2. The Gabor patches
were pre-generated and stored in memory at the start of
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each run. The spatial limits of each Gabor patch
were at least 92.5 times the S.D. of the Gaussian
envelope. For each interval, patches were randomly
placed within the circular display area, with the pro-
viso that the centre-to-centre distance between patches
always be greater than some criterion, in order to
prevent overlaps. This criterion was related to the
S.D. of the patches, in that the larger the patch size,
the larger the ‘exclusion zone’ surrounding it. The
centre-to-centre minimum distance was at least five
times the S.D. The number of patches displayed was
inversely related to their size. Their number was dou-
bled as their S.D. was halved, starting at 10 elements
at the largest S.D. chosen of 32 arc min. This en-
sured that there were always an adequate number of
samples to do the task, and the maximum number of
elements possible given the ‘exclusion zone’ in pre-
venting any overlaps.
We first determined how the spatial frequency of a
Gabor affects performance. At a contrast of 0.50, and
128 arc min as the S.D. of the Gaussian envelope, we
adopted a spatial frequency that showed a significant
difference in orientation discrimination thresholds be-
tween the two eyes. We then investigated how varying
the size of the Gaussian envelope and introducing
positional uncertainty to the elements affected perfor-
mance.
2.3. Experiments
In Experiment 1 we measure orientation discrimina-
tion thresholds as a function of the peak spatial fre-
quency for a Gabor of approximately 4° in diameter
at a contrast of 0.5. At least three different peak
spatial frequencies were chosen from the possible val-
ues of 2, 4, 8, 10, 12 and 14 cpd. The reference or
comparison orientation was 45° (see Fig. 2). In Ex-
periment 2 we measure the orientation discrimination
thresholds of a field of micropatterns for the domi-
nant and amblyopic eyes of our six strabismic sub-
jects (see Fig. 1, stimulus display). The contrast was
set to 0.95 and the envelope size and thus the orien-
tation and spatial frequency bandwidths of the ele-
ments was varied (See Appendix A for details of the
orientation bandwidth calculations). The spatial fre-
quency bandwidth, represented as a standard devia-
tion, was calculated in the following manner
(Graham, 1989):
Spatial frequency bandwidth (cpd)60:(2ps) (2)
where, s, the S.D. of the Gaussian envelope, is ex-
pressed in minutes of visual angle.
Due to reports from the subjects that the stimuli
were not equally visible across the different condi-
tions, as well as reports of Gabor orientation
thresholds being critically dependent on contrast
(McIlhagga & Mullen, 1996), in our third experiment
we measured contrast thresholds for our stimulus
configurations and set them at a constant fraction
above this. The display duration was increased to 500
ms, as opposed to the 150 ms in Experiment 2. This
was done so that the stimuli could be presented at
least 5 dB, or a factor of 1.8 times above the mea-
sured detection threshold. In this manner we compen-
sated for any orientation discrimination loss that was
due to differential effective contrast of the stimuli for
the amblyopic and dominant eyes.
2.3.1. Orientation 6ersus spatial frequency bandwidths
Since our method of decreasing element size of the
Gabor patches increases both orientation and spatial
frequency bandwidths, Experiment 4 changed the re-
lationship between these parameters by measuring ori-
entation discrimination thresholds for Gabor
micropatterns with non-circularly symmetric Gaussian
envelopes. In other words, the stimuli had a different
S.D. in the x- and y- directions. This was done in an
effort to isolate which parameter, spatial frequency
and:or orientation stimulus bandwidth, was underly-
ing the amblyopic deficit.
Fig. 3 schematically depicts the different stimulus
types used and their frequency spectrum. We com-
pared orientation performance with narrowband [Fig.
3 (stimulus ‘a’)] and broadband [Fig. 3 (stimulus ‘b’)]
circularly symmetrical Gabors in Experiments 2 and 3
and with non-circularly symmetric Gabors in Experi-
ment 4, for two strabismic amblyopic subjects (MJS
and MS). We measured orientation discrimination
thresholds with Gabor micropatterns which were nar-
rowband in orientation (s1.7°) but spatial fre-
quency broadband (s2.4 cpd) called ‘lines’ [Fig. 3
(stimulus ‘c’)] and micropatterns which were orienta-
tionally broadband (s13.8) but spatial frequency
narrowband (s0.3 cpd), referred to as ‘tigertails’
[Fig. 3 (stimulus ‘d’)].
Fig. 2. Experiment 1 to determine orientation discrimination
thresholds as a function of spatial frequency. Examples of a low and
high spatial frequency stimulus is shown. The Gabors subtended
approximately 4° and contrast was fixed at 50%.
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Fig. 3. The effect of changing either the spatial extent perpendicular to the bars [(d): tigertails] or parallel to the bars [(c): lines] on the spectrum
of the Gabor patch (one quadrant shown on the right). The angles shown in the spectrum depict the orientation bandwidth of the narrowband
and lines stimulus type (dashed angle) as well as the broadband and tigertails stimuli (solid angle).
2.4. Psychophysics
2.4.1. Orientation discrimination thresholds
A two-interval forced choice (2IFC) paradigm was
used in all experiments. The subjects’ task was to
correctly identify the shift in the orientation of a
Gabor or a micropattern field of Gabors, in the sec-
ond, test or comparison interval (clockwise or coun-
terclockwise) from the 45° orientation presented in
the first, reference interval. A set of ten stimuli, five
clockwise and five counterclockwise, was presented
during the test interval, covering the range of interest
(either 94.5, 9, 18, 22.5, 36°). The magnitude and
direction of the orientation shift presented was ran-
domised for a total of ten trials per condition (100
trials per estimate). From the resulting psychometric
function the orientation thresholds were calculated as
the S.D. derived from a cumulative normal fitted by
the error function, ERF(x), of the form:
P(x)A(0.50.5 ERF((xB):(sqrt(2.0) * C))) (3)
where A is the number of presentations per stimulus
condition, B is the bias of the function relative to the
comparison orientation of 45°, and C is the slope
parameter of the function. The slope parameter corre-
sponds to the S.D. of the assumed underlying normal
distribution and represents the orientation discrimina-
tion threshold. In the figure data plots, each datum
represents the mean of at least three estimates and
the error bars represent the standard error of the
mean.
2.4.2. Contrast thresholds
In order to account for the contrast sensitivity loss
in amblyopia and due to the strong dependence of
orientation performance on Gabor contrast (McIl-
hagga & Mullen, 1996), we measured contrast
thresholds for each of our micropattern displays.
These were Gabors with a Gaussian envelope S.D. of
2, 4, 8, 16 and 32 min of visual angle. Contrast
thresholds were estimated using a two-interval forced
choice paradigm. One interval contained the field of
Gabors, the other interval contained a blank display
at the same mean luminance. The subjects’ task was
to indicate which 500 ms interval contained the stim-
ulus. The micropatterns were then displayed at least 5
dB above this threshold for each eye and across the
different conditions. Experiment 3 was thus a mea-
surement of orientation discrimination thresholds as a
function of stimulus orientation bandwidth with the
stimuli being equated for their visibility.
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3. Results
3.1. Experiment 1
3.1.1. The spatial-frequency dependence of the orientation
discrimination deficit
In order to assess whether the orientation discrimina-
tion deficits are dependent on spatial frequency, as
previously reported by Skottun et al. (1986), Experiment
1 measured orientation thresholds for spatial Gabors
oriented at 45° and subtending approximately 4° of visual
angle (see Fig. 2). This size was chosen to replicate the
field size of the study by Skottun et al. (1986). Contrast
was fixed at 0.50 as previously the deficit had been shown
to be contrast independent. At least three spatial frequen-
cies were investigated among the values of 2, 4, 8, 10, 12
and 14 cpd. Given the spatial frequency dependent nature
of the orientation discrimination threshold, it was impor-
tant to establish the spatial frequency at which each of
our strabismic amblyopes demonstrated an orientation
discrimination deficit. This peak spatial frequency was
then used to investigate the effect of broadening the
spatial frequency and orientation bandwidths of the
stimuli on the orientation discrimination deficit using a
field of randomly positioned Gabor micropatterns in
Experiments 2 and 3 (see Fig. 1).
The results shown in Fig. 4 demonstrate that for a
single Gabor subtending 4°, all subjects demonstrated a
spatial frequency-specific deficit, confirming previous
reports by Skottun et al. (1986).
Fig. 4. Experiment 1. Orientation discrimination thresholds as a function of spatial frequency for six strabismic amblyopes. Contrast was fixed
at 50%, the stimulus was a single Gabor patch subtending 4° (see Fig. 2). Arrows depicted spatial frequencies chosen for Experiment 2 and 3 where
orientation performance was measured as a function of stimulus orientation bandwidth.
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Fig. 5. Experiment 2. Orientation discrimination thresholds of six strabismic amblyopes as a function of stimulus orientation bandwidth (S.D., s)
of the Gabors comprising a field of micropatterns. Contrast was fixed at 95%. The stimulus duration was 150 ms.
3.2. Experiments 2 and 3
3.2.1. The dependence of the orientation deficit on stimu-
lus bandwidth (orientation and spatial frequency)
A spatial frequency demonstrating an orientation
deficit was selected for each subject and the chosen
spatial frequency is depicted by an arrow in Fig. 4. A
field of randomly positioned Gabor micropatterns, with
this peak spatial frequency and having a 45° orientation
served as the comparison for a second test interval,
consisting of Gabor elements with random spatial posi-
tions and orientations all rotated either clockwise or
counterclockwise to the 45° comparison interval. The
size of the Gabor elements was varied, the S.D. of each
element being related to stimulus orientation bandwidth
and spatial frequency bandwidth (see Section 2 and
Appendix A for calculation of bandwidths). As the
stimulus element S.D. decreased, effectively increasing
their bandwidths, the number of micropatterns making
up the stimulus was also increased proportionately. We
used a stimulus composed of randomly positioned lo-
cally oriented elements to factor out any influence of
topological disarray:abnormal local neural interactions.
We reasoned that if the perceived distortions reported
by Hess et al. (1978) were due to such effects then it
would not be surprising that amblyopes had difficulty
in discriminating small orientational differences. We
wanted to address the issue of whether the local proper-
ties of individual detectors were different in amblyopia
rather than their global spatial mapping or co-operative
interactions which might have greater influence on the
orientation discrimination of a large field of coherent
grating (Skottun et al. 1986).
These results are shown in Fig. 5 where orientation
discrimination thresholds are plotted against the orien-
tation bandwidth of the Gabor elements for the domi-
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nant and fellow amblyopic eyes of six subjects. In some
cases (BC and VE) orientation discrimination deficits
which are evident at narrow stimulus bandwidths disap-
pear when the stimulus bandwidth broadens. In other
cases deficits are only present at intermediate band-
widths (SB and MA) or for all stimulus orientation
bandwidths (MJS and MS).
The use of randomly positioned Gabor micropatterns
for comparison and test stimuli and increasing contrast
from 0.50 to 0.95, generally decreased the magnitude of
the deficit in orientation discrimination (Fig. 4). A key
difference between our results and those of Skottun et
al. (1986) is the contrast dependence of the orientation
deficit. Their results demonstrated equal deficits for 10,
50 and 90% contrasts, when using a large sinusoid
masked to a 4° diameter. Our subjects often reported
that differences in the visibility of the Gabor stimuli,
although presented at a contrast of 0.95, was affecting
their performance. This is in agreement with McIlhagga
and Mullen (1996), who reported, in normals, that
orientation sensitivity for Gabors keeps improving from
5 to 50%, showing no signs of reaching a plateau. This
reinforces the importance of consistently measuring
contrast thresholds for all our stimulus configurations
and displaying them at least a 5 dB factor above this in
determining the orientation discrimination deficit. In
order to fulfil this criteria, the stimulus presentation
time was increased to 500 ms in Experiment 3 as
compared to the 150 ms used in Experiment 2.
Table 2 summarises the bandwidth characteristics of
the most narrowband and broadband stimuli displayed
(measured as the S.D. or sigma) and the corresponding
contrast thresholds for all six subjects.
Fig. 6, shows the data from Experiment 3 for the
same six amblyopic subjects as Experiment 2 (Fig. 5),
but this time the stimuli were equated for their visibil-
ity. For all subjects, except SB and VE, the orientation
discrimination deficit is evident only at relatively nar-
row stimulus bandwidths. These results suggest that for
most subjects, the amblyopic visual system may have
detectors with orientation bandwidths that are broader
than their dominant eye. Such detectors would be tuned
to high spatial frequencies and have broad spatial
bandwidths. For subject VE, equating the visibility in
the two eyes and using randomly positioned elements
was sufficient to eliminate the orientation deficit that
was originally measured as a function of spatial fre-
quency for both a large grating stimuli (Experiment 1,
Fig. 4: contrast 0.5) and randomly positioned Gabors
(Experiment 2, Fig. 5: contrast 0.95).
Table 3 shows the estimation of the knee point (as
the S.D. or sigma of the stimulus orientation band-
width, in degrees) of the amblyopic and dominant eyes
of the subjects’ results shown in Fig. 6. The ratio of
these estimates quantify our assertion that all subjects
except for SB and VE demonstrate a tendency toward
broader orientation bandwidths for their amblyopic
eye. See Appendix B for details of the knee point
calculations.
3.3. Experiment 4
Given that our method of changing the element size
(i.e. S.D.) of the Gabor micropatterns, broadens both
the element stimulus orientation and spatial frequency
bandwidths, there is the possibility that the consequent
introduction of energy at lower spatial frequencies is
Table 2
Contrast thresholds as a function of stimulus type (see Fig. 3), and the spatial parameters of bandwidth for the six strabismic amblyopes who
participated in this studya
Contrast thresholdStimulus typeSubject (stimulus peak Spatial frequency Contrast thresholdOrientation
dominant eye (dB)bandwidth (cpd)spatial frequency) amblyopic eye (dB)bandwidth (°)
Narrowband 0.298SB (6 cpd) 2.85 20.791.0 9.991.9
52.79.55Broadband 10.191.617.891.3
MJS (10 cpd) 0.298Narrowband 1.71 19.790.9 9.191.0
Broadband 9.55 72.7 12.290.9 6.291.0
Lines 2.39 1.71 14.091.0 8.493.8
5.491.70.298 13.8 12.590.7Tigertails
9.592.30.298 1.71MS (10 cpd) 17.090.8Narrowband
5.991.011.890.872.79.55Broadband
14.391.8Lines 2.39 1.71 19.491.2
9.193.016.092.613.80.298Tigertails
20.691.62.14 7.491.40.298NarrowbandBC (8 cpd)
8.390.9Broadband 4.77 36.6 10.791.2
Narrowband 0.298MA (12 cpd) 1.42 12.290.3 9.591.2
9.55Broadband 7.892.29.992.552.7
11.993.5VE (8 cpd) 17.091.9Narrowband 2.140.298
Broadband 4.77 36.6 13.091.3 5.690.8
a Bandwidths are expressed as standard deviations, or sigmas (s). The stimulus duration was 500 ms. Abbreviation: cpd, cycles per degree.
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Fig. 6. Experiment 3. Orientation discrimination thresholds as a function of stimulus orientation bandwidth (S.D., s) for the same six strabismic
amblyopes shown in Fig. 5. In this case the stimulus have been equated for their visibility. The stimulus duration was 500 ms.
sufficient to explain the lack of an orientation deficit for
stimuli of broad orientation bandwidth. To address this
issue we measured orientation discrimination thresholds
for Gabor elements with different Gaussian envelope
S.D. in the x- and y- directions and thus non-circular
spatial profiles in Experiment 4 (see Fig. 3).
If we assume that the only factor underlying perfor-
mance is the orientation bandwidth of the stimulus
elements, then for subject MJS for example, an orienta-
tion deficit should be present with stimuli that have a
relatively narrow orientation bandwidth of 1.7° and a
broader spatial frequency bandwidth of 2.4 cpd, but
not when the orientation bandwidth is broadened to
13.8° and the spatial frequency bandwidth narrowed to
0.3 cpd. The stimulus elements having the former char-
acteristics have been referred to as ‘lines’ and the latter
can be thought of as ‘tigertails’. Fig. 3 depicts these
stimuli and Table 2 contains their bandwidth character-
istics as well as the measured contrast threshold for
these respective stimuli. Test stimuli were displayed at 5
dB above their detection thresholds for the orientation
discrimination task. Results for subject MJS and MS
are shown in Fig. 7. For subject MJS, although the
orientation thresholds are poorer for the ‘tigertails’,
there is no orientation deficit for either a broadening of
the orientation or spatial frequency composition of the
stimulus. The dominant and amblyopic eyes are not
significantly different. For subject MS, the orientation
deficit is greatest when the stimulus is narrowband in
both spatial frequency and orientation. In this case
broadening either the spatial frequency or orientation
bandwidths decreases the orientation deficit but does
not reduce it to 0.
One can then interpret these results by suggesting
that defining the orientation deficit solely in terms of
the stimulus orientation bandwidth is misleading. Nar-
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row spatial frequency and orientation stimulus
bandwidths lead to the greatest orientation deficit and
broadening the spatial information along either of these
dimensions decreases or eliminates the deficit.
4. Discussion
Amblyopes are known to experience distorted per-
ceptions for suprathreshold targets especially at high
spatial frequencies (Hess et al., 1978). These distortions
involve local phase and orientation and their origin is
unknown though both neural scrambling (Hess, 1982)
and abnormal local neural interactions (Hess et al.,
1978) have been suggested. It might not be unexpected
for such amblyopes to perform worse on an orientation
discrimination task where the stimulus is a high con-
trast, large field, high frequency grating (Skottun et al.,
1986). In this study we have used a stimulus, namely a
sparse array of randomly positioned Gabors which
would factor out any influence from either neural disar-
ray or local abnormal neural interactions within a
population of orientation selective detectors. We as-
sume that the neural disarray and any local spatial
interactions are postsynaptic in the cortex and involve
orientionally tuned cortical detectors. If the disarray
and local spatial interactions are presynaptic and in-
volve the inputs to orientation selective cortical detec-
tors then one would expect to see a concurrent
disruption to their orientation tuning through anoma-
lous feedforward and feedback influences respectively.
We ask whether there is any residual orientation deficit
for such a stimulus and if so what is its dependence on
stimulus orientation bandwidth.
Our results demonstrate that randomly positioned
local targets can also be used to demonstrate an orien-
tation discrimination deficit in strabismic amblyopia.
This shows that the original results of Skottun et al.
(1986) cannot be accounted for solely on the basis of
what has been hypothesised to underlie the perceived
distortions in amblyopia (i.e. neural scrambling; Hess,
1982). We verified that this deficit is spatial frequency
dependent as originally claimed by Skottun et al. (1986)
but also show that, in the case of Gabors, it is sensitive
to contrast. This necessitates using stimuli which are
equated for their visibility to control for purely contrast
effects on the orientation discrimination deficit. More
importantly, the orientation deficit varies with the spa-
tial frequency and orientation bandwidth of the stimuli
used to measure it. The deficits only occur for stimuli of
narrow spatial frequency and orientational bandwidth.
We see two competing interpretations for this finding.
4.1. Detector bandwidth
First, these results could be explained by postulating
a broadening of the underlying detector bandwidth
within this spatial frequency range. This follows from
the framework described in Section 1 which originally
motivated the study. The shift in the knee points of
these functions relating orientation discrimination
thresholds to stimulus orientation bandwidth suggests
that the underlying detectors have broader bandwidths.
What these results do not support is any explanation
based on the general loss of efficiency in the computa-
tion of orientation at some higher level. Within this
framework, the ‘tigertail’ stimuli demonstrate that the
coming together of the normal and amblyopic curves at
broad orientational bandwidths is not just a side-effect
consequence of broadening the stimulus spatial fre-
quency spectrum and using lower spatial frequency
information for which there is no orientation deficit (i.e.
Fig. 4). The ‘line’ stimuli demonstrate that a similarly
reduced deficit also occurs when the spatial frequency
spectrum is broadened. Thus the deficit involves detec-
tors with broader band spatial frequency and orienta-
tional bandwidths. We are currently pursuing a more
direct test of this hypothesis using a noise masking
approach.
4.2. First-order 6ersus second-order
An alternate interpretation is that the coming to-
gether of dominant and amblyopic performance at
Table 3
Orientational bandwidths derived from the estimate of the kneepoint of the data in Fig. 6 of orientation discrimination thresholds as a function
of orientation bandwidth (expressed as the S.D. or ‘se (knee)’ in Appendix B)
a
Ratio of estimates (amblyopic eye:dominant eye)Kneepoint estimates amblyopic eyeKneepoint estimates dominant eyeSubject
(°) (°)
1.2SB 8.707.16
29.512.4 2.4MJS
15.1 1.928.2MS
12.1BC 23.1 1.9
MA 28.116.4 1.7
VE 1.19.118.14
a The ratios give an indication of how the bandwidths tend to be broader in orientation for the amblyopic eye in four of six subjects.
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Fig. 7. Orientation thresholds as a function of stimulus type (see Fig. 3) for two strabismic amblyopes, MJS and MS. See Table 2 for the
bandwidth characteristics of the narrowband, lines and tigertails. The results shown for the broadband stimuli corresponds to a spatial frequency
bandwidth of s2.39 cpd and an orientation bandwidth of s13.8°.
broad orientational stimulus bandwidths is due to a
transition from one mechanism at narrow bandwidths,
which is abnormal in amblyopia, to another mechanism
at broad bandwidths for which there is no abnormality
in amblyopia. One could argue that at narrow band-
widths, orientation is processed using the Gabor carrier
orientation by first-order mechanisms whereas for
broadband stimuli it is the Gabor envelope orientation
which drives performance via second-order mecha-
nisms. How could the orientation of the envelope of
circularly symmetric broadband Gabors determine per-
formance? These stimuli appear perceptually non-circu-
lar when their carrier orientation bandwidths are very
broad and there is a real possibility that second-order,
envelope extracting mechanisms underlie performance.
Within this framework, the ‘tigertail’ control stimuli
which showed a reduction in the orientation deficit
compared with the narrowband condition may simply
reflect the fact that the envelope orientation was being
used and that orientation discrimination using second-
order mechanisms is normal in amblyopia. An obvious
control would be to compare the relative deficits for
Fig. 8. Orientation thresholds as a function of the tigertail stimulus condition for two strabismic amblyopic subjects. In the first instance the Gabor
carrier orientation remained fixed at a 45° orientation, while the Gabor envelope orientation varied. In the second instance the envelope of the
stimulus remained fixed and it was the carrier of the stimulus that varied in its orientation.
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Fig. A1. Fourier spectrum of non-circularly symmetric Gabor or
tigertail (positive frequencies only) adapted from Graham (1989). The
minor and major axes of the ellipse (a and b) are determined by the
choice of bandwidth measure (e.g. S.D. or half width at halt height).
The orientation full-bandwidth is then given by 2u. It should be noted
that whatever the orientation of the carrier of the original Gabor, a
simple rotation of the axes will produce the above figure without loss
of specificity. The only requirement is that the carrier is parallel to
either the major or minor axis of the Gaussian envelope.
width at half-height). This width measure may in turn
be used to define an ellipse in Fourier space (see Fig.
A1). The orientation full-bandwidth (2u) is defined as
subtended by this ellipse at the origin. That is orienta-
tion full-bandwidth is the angle between two lines
which are tangents to the ellipse of Fig. A1 and which
pass through the origin. Note we call this full-band-
width 2u, as this paper uses half-bandwidths. Graham
gives a formula for the calculation of orientation band-
widths of Gabors when the small angle approximation
can be used. This Appendix uses the same definition of
orientation bandwidth and extends the argument to the
case of large angles.
The general equation of an ellipse is given by:
(xx0)2
a2

(yy0)2
b2
1 (A1)
where (x0, y0) are the co-ordinates of the centre of the
ellipse and a, b the semi-axes.
The gradient of any tangent to this ellipse is found by
differentiating:
y %
b2(xx0)
a2(yy0)
(A2)
As we are interested in the tangents which pass through
the origin:
y %
y
x
(A3)
Thus:
x(xx0)
a2

y(yy0)
b2
0 (A4)
Subtracting Eq. (A1) from Eq. (A4):
x0(xx0)
a2

y0(yy0)
b2
 1 (A5)
Change the variables to a unit circle for simplicity. Put
60x0:a, 6 (xx0):a, w0y0:b, w (yy0):b.
Then the ellipse is:
62w21 (A6)
Equation Eq. (A5) now gives us:
606w0w10
[w1:w0(6061) (A7)
Substituting Eq. (A7) into Eq. (A6) gives:
62 [1:w02(6061)2]10
This may be rearranged to:
6
609w0
602w021
w02602
(A8)
orientation discrimination for ‘tigertails’ where the car-
rier orientation alone varies with the situation where
only the orientation of the envelope varies. We did this
for two subjects (Fig. 8) and found much reduced
orientation deficits in the case where only the orienta-
tion of the envelope was varied, suggesting a much less
impaired second-order system. In the case of the ‘line’
stimuli the reduction in the deficit, as compared to the
circularly symmetric narrowband stimuli, can also be
interpreted as due to the involvement of second-order
mechanisms for which orientation processing is normal
in amblyopia. At present we favour this interpretation;
amblyopes have orientation discrimination deficits
which depend on both contrast and spatial frequency
for first -order stimuli (i.e. the Gabor carrier). Orienta-
tion deficits are either much reduced or absent for
second-order stimuli (i.e. the Gabor envelope).
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Appendix A. The calculation of orientation bandwidths
for asymmetric Gabors
The definition of orientation bandwidth is taken
from Graham (1989). The Fourier transform of a
Gabor is a Gaussian displaced from the origin. Spatial
frequency bandwidth is defined from some measure of
the width of this Gaussian (such as S.D. sf or half-
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By symmetry:
w
w0960
602w021
w02602
(A9)
Eq. (A6) tells us that the two solutions for each of 6
and w must be paired with the variable signs be ar-
ranged ( , ), ( , ).We are interested in the gradi-
ents of the tangents:
y %
b2(xx0)
a2(yy0)

b2
a2
a6
bw


b6
aw
(A10)
From Eq. (A8) and Eq. (A9), the two gradients are:
b6
aw

b
a
60w09
602w021
60
21
(A11)
The angle (2u) between two lines with gradients m1, m2
is given by:
tan(2u)
(m2m1)
1m1m2
(A12)
Thus for the ellipse considered here, substituting Eq.
(A11) into Eq. (A12) and rearranging gives:
tan(2u)
2ab 
602w021
a2(6021)b2(w021)
(A13)
Returning to the original co-ordinates:
tan(2u)
2ab 
(x02:a2) (y02:b2)1
x02y02 (a2b2)
(A14)
If the numerator is less than 0 then the origin is inside
the ellipse and the tangents are not defined; if the
denominator is equal to 0 then 2up:2.
For the case considered in this paper, where the
carrier is always parallel to either the major or minor
axis of the Gaussian envelope, then it is always possible
to perform a rotation of the axes so that one of x0 or y0
is 0 and the other is equal to the peak spatial frequency
of the carrier. For example, in the case of a Gabor of
peak spatial frequency f, with a circularly symmetric
envelope and with the S.D. of the envelope taken to
define the ellipse (absf the S.D. in Fourier space),
then the orientation bandwidth is given by:
u1:2 tan 1
2s f2 
( f 2:s f2)1
f 22s f2

(A15)
Appendix B. Orientation acuity versus stimulus
bandwidth: the determination of knee points
The manner in which orientation acuity declines with
stimulus bandwidth suggests that it is determined by a
summation of noise processes. This has been modelled
for the oblique effect in orientation acuity (Heeley et
al., 1997) and we use that method here. The same
approach has been employed previously in a number of
different areas including luminance thresholds (Barlow,
1957), contrast sensitivity (Pelli, 1990), detection of
edge blur (Watt & Morgan, 1983), stereopsis (Harris &
Parker, 1992, 1994), spatial frequency acuity (Heeley,
1987; Heeley & Thompson, 1989), and curvature dis-
crimination (Hess & Watt, 1990).
The psychophysical threshold is assumed to be lim-
ited by both intrinsic and extrinsic noise processes.
These noise processes are assumed to be independent,
thus their variances add.
s0
(s i2 (s e2:N)) (B1)
where:
s0 is the experimentally observed threshold,
s2i is the variance of the intrinsic noise,
s2e is the variance of the signal (the stimulus band-
width squared), and
N is the sampling efficiency.
The data were fitted with this model using a least
squares procedure. The knee points of the curves are
defined to be when the extrinsic and intrinsic noise
make an equal contribution to the observed threshold
(Pelli, 1990), that is:
se(knee)
N si (B2)
where N and si are determined from the above fitting
procedure.
References
Barlow, H. B. (1957). Increment thresholds at low intensities consid-
ered as signal:noise discrimination. Journal of Physiology (Lon-
don), 136, 469–488.
Bradley, A., & Skottun, B. C. (1984). The effects of large orientation
and spatial frequency differences on spatial discriminations. Vi-
sion Research, 24, 1889–1896.
Burr, D. C., & Wijesundra, S.-A. (1991). Orientation discrimination
depends on spatial frequency. Vision Research, 31, 1449–1452.
Caelli, T., Brettel, H., Rentschler, I., & Hilz, R. (1983). Discrimina-
tion thresholds in the two-dimensional spatial frequency domain.
Vision Research, 23, 129.
Graham, N. (1989). Visual pattern analyzers. Oxford, UK: Oxford
University Press.
Gstalder, R. J., & Green, D. G. (1971). Laser interferometric acuity
in amblyopia. Journal of Pediatric Ophthalmology, 8, 251–256.
Harris, J. M., & Parker, A. J. (1992). Efficiency of stereopsis in
random dot stereograms. Journal of the Optical Society of Amer-
ica A, 9, 14–24.
Harris, J. M., & Parker, A. J. (1994). Constraints on human stereo
dot matching. Vision Research, 34, 2761–2772.
Heeley, D. W. (1987). Spatial frequency discrimination for sine-wave
gratings with random, bandpass frequency modulation: evidence
for averaging in spatial acuity. Spatial Vision, 2, 317–335.
Heeley, D. W., Buchanan-Smith, H. M., Cromwell, J. A., & Wright,
J. S. (1997). The oblique effect in orientation acuity. Vision
Research, 37, 235–242.
R. Demanins et al. : Vision Research 39 (1999) 4018–4031 4031
Heeley, D. W., & Thompson, R. J. (1989). The effect of stationary,
random phase discontinuties on spatial frequency. Vision Re-
search, 29, 497–504.
Hess, R. F. (1980). A preliminary investigation of neural function and
dysfunction in amblyopia: I. Size-selective channels. Vision Re-
search, 20, 749–754.
Hess, R. F. (1982). Developmental sensory impairment: amblyopia or
tarachopia? Human Neurobiology, 1, 17–29.
Hess, R. F., & Bradley, A. (1980). Contrast perception above
threshold is only minimally impaired in human amblyopia. Na-
ture, 287, 463–464.
Hess, R. F., Burr, D. C., & Campbell, F. W. (1980). A preliminary
investigation of neural function and dysfunction in amblyopia:
III. Co-operative activity of amblyopic channels. Vision Research,
20, 757–760.
Hess, R. F., Campbell, F. W., & Greenhalgh, T. (1978). On the
nature of the neural abnormality in human amblyopia; neural
aberrations and neural sensitivity loss. Pflugers Archi6 — Eu-
ropean Journal of Physiology, 377, 201–207.
Hess, R. F., & Howell, E. R. (1977). The threshold contrast sensitiv-
ity function in strabismic amblyopia: evidence for a two type
classification. Vision Research, 17, 1049–1055.
Hess, R. F., & Watt, R. J. (1990). Regional distribution of the
mechanisms that underly spatial localization. Vision Research, 30,
1021–1031.
Levi, D. M., & Harwerth, R. S. (1977). Spatio-temporal interactions
in anisometropic and strabismic amblyopia. In6estigati6e Ophthal-
mology and Visual Science, 16, 90–95.
Levi, D. M., & Klein, S. A. (1986). Sampling in spatial vision.
Nature, 320, 360–362.
Loshin, D. S., & Levi, D. M. (1983). Suprathreshold contrast percep-
tion in functional amblyopia. Documenta Ophthalmologica, 55,
213–236.
McIlhagga, W. H., & Mullen, K. T. (1996). Contour integration with
colour and luminance contrast. Vision Research, 36, 1265–1279.
Pelli, D. G. (1990). The quantum efficiency of vision. In C. B.
Blakemore, Vision: coding and efficiency. Cambridge, UK: Cam-
bridge University Press.
Pelli, D. G., & Zhang, L. (1991). Accurate control of contrast on
microcomputer displays. Vision Research, 31, 1337–1350.
Rentschler, I., & Hilz, R. (1979). Abnormal orientation selectivity in
both eyes of strabismic amblyopes. Experimental Brain Research,
37, 187–191.
Skottun, B. C., Bradley, A., & Freeman, R. D. (1986). Orientation
discrimination in amblyopia. In6estigati6e Ophthalmology and Vi-
sual Science, 30, 532–537.
Vandenbussche, E., Vogels, R., & Orban, G. A. (1986). Human
orientation discrimination: changes with eccentricity in normal
and amblyopic vision. In6estigati6e Ophthalmology and Visual
Science, 27, 237–245.
Watt, R. J., & Morgan, M. J. (1983). The recognition and representa-
tion of edge blur: evidence for spatial primitives in human vision.
Vision Research, 23, 1465–1477.
.
